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Abstract 
Since the discovery of photocatalytic watersplitting over titanium dioxide (TiO2), researchers have typically 
only employed immobilized-film and suspended slurry photocatalysts. Here we present watersplitting in a UV-
irradiated fluidized bed reactor with a novel, fluidizable watersplitting photocatalyst. This approach was taken to 
address the mass-transfer effects, poor radiation distribution, parasitic back-reaction and photocatalyst handling 
difficulties that limit the efficiency and scalability of existing watersplitting systems. Using a 2.2M Na2CO3 solution, 
significant hydrogen production rates were achieved. A marked increase in the hydrogen production rate was 
observed when compared to results obtained by a suspended slurry TiO2 photocatalyst in the same reactor. 
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Photocatalytic decomposition of water, or watersplitting, has been explored as a direct solar-to-
chemical energy conversion method for several decades in the hope of creating a sustainable hydrogen 
production process. While there have been a number of photocatalysts developed for this purpose, 
titanium dioxide is the most often researched material due to its low-cost and high stability when 
irradiated in solution [1-3], though its wide band gap limits its use to the ultraviolet (UV) spectrum. While 
photocatalytic watersplitting can occur over pure TiO2 surfaces, the rate of reaction is severely limited 
due to a high hydrogen evolution overpotential. To reduce the hydrogen overpotential, platinum 
nanodeposits (34 Å to 2nm) [4] are decorated onto the TiO2 surface, typically at loadings of 0.5 wt% to 
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0.75 wt% [4,5]. While the addition of platinum allows the hydrogen evolving reaction to proceed, there is 
a disadvantage; platinum deposits catalyze the back reaction of hydrogen and oxygen to form water and 
waste heat, thus reducing the overall efficiency of the system. The back reaction is assumed to follow that 
of combustion of hydrogen and oxygen over platinum: 
                                                                (1) 
Platinum loadings beyond 1 wt% were often found to decrease the overall rate of hydrogen production 
[4]; likely due to the promotion of the back reaction of hydrogen and oxygen, as well as shadowing of the 
photocatalyst particle by surface platinum deposits. 
Though the addition of platinum deposits on the titanium dioxide surface allows the hydrogen evolving 
reaction to proceed (albeit at low rates), experimentally it has been observed that no oxygen evolution is 
detected during the reaction [2,4,6-9]. Arakawa and Sayama demonstrated [10,11] that the addition of 
Na2CO3, in an amount of 2.2 mol/l, not only yielded stoichiometric evolution of hydrogen and oxygen but 
would increase the hydrogen evolution rates by almost 600 times. They postulated that this significant 
increase in performance may be due to either a reduction in the parasitic back reaction over the platinum 
nanodeposits, or that an alternate, more favorable reaction mechanism for watersplitting exists in the 
presence of sodium carbonate. The true cause of this impressive increase in the rate of hydrogen evolution 
and appearance of stoichiometric evolution was not determined or explained in full. 
Since the first demonstration of photocatalytic watersplitting over TiO2 by Fujishima and Honda [12], 
TiO2 photocatalysts have typically been employed only as suspended slurries and immobilized films. 
From a reactor design perspective, suspended slurry photocatalysts offer good radiation distribution 
throughout the reaction volume, excellent mass transfer and a high photocatalyst surface area with respect 
to the reactor volume; however, the valuable reaction products remain in contact with the platinum loaded 
photocatalyst particles for extended periods of time, thus exacerbating the parasitic back reaction.  From a 
system design perspective, the inherent issues of nanoparticle photocatalyst handling and the possible 
environmental impact of nanoparticles [13] limit the scalability and practicality of suspended slurry 
systems. Immobilized thin film photocatalysts, on the other hand, suffer from poor radiation distribution, 
limited mass transfer and low photocatalyst surface area with respect to the reactor volume; all of which 
limit the scalability of immobilized film systems. They do, however, offer the practicality of simple 
photocatalyst handling, and reduced losses to the parasitic back reaction as the products and platinum-
loaded photocatalyst are easily separated. A fluidized bed reactor offers many of the advantages of 
suspended slurry and immobilized film systems without the disadvantages.  
In a fluidized bed system, the photocatalyst particles are fluidized, or suspended in the reactor volume, 
by the upward flow of fluid (gas or liquid) through the reactor. This approach yields improved mass 
transfer, excellent radiation distribution and a photocatalyst surface area-to-volume ratio approaching that 
of suspended slurry systems. This approach also yields fast and simple separation of the reaction products 
from the platinum-loaded photocatalyst particles as the products are carried from the reactor by the fluid 
flow while the particles are retained in the reactor; the product gases can then be separated from the fluid 
by downstream separation processes. Fluidized bed reactors are inherently easy to scale, offer a number 
of UV lamp configurations as well as the possibility of using natural sunlight, thus allowing for an 
industrial scale photocatalytic hydrogen production system that can stand alone or be incorporated into 
existing processes. 
While there have been no reported attempts of fluidized photocatalytic watersplitting, there have been 
several attempts at employing fluidized photocatalysts for water treatment; however, the success of these 
studies was limited due to significant attrition rates of the photocatalyst particles. These previously 
reported attempts at fluidizable TiO2 photocatalyst particles employed sol-gel or slurry dip-coating 
methods to immobilize the photocatalyst onto fluidizable substrates, typically glass beads. These 
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techniques, however, could not provide sufficient adherence of the photocatalyst to the support structure 
and most researchers found that almost all of the photocatalyst material would be removed from the 
supporting substrate within a short period of time. From the literature, it appears that the critical failure 
points for supported titanium dioxide films are at the support/TiO2 film interface, where the TiO2 film is 
attached by weak Van der Waals forces, or at fractures and stress points induced by shrinkage during the 
drying process [14,15]. In an attempt to improve the attrition resistance of fluidizable TiO2 photocatalyst 
particles, one research group treated the surface of soda glass beads with a strong NaOH solution such 
that residual OH- surface groups could chemically bind with a TiO2 sol-gel [16], thus improving the 
strength of the TiO2-substrate interface. While this did achieve an improvement over slurry deposited 
films, the mechanical strength of the film was still limited and unsuitable for fluidization. 
Keshmiri et al. [15] were able to make a remarkable improvement in the adhesion of a TiO2 
photocatalyst to a supporting substrate with the development of a novel TiO2-TiO2 composite film 
consisting of commercially-available Degussa P25 nanoparticles bonded together with sol-gel derived 
TiO2. Vega [17] further developed this TiO2-TiO2 composite technique to form self-supported spherical 
beads of pure TiO2 that were approximately 1.1 mm in diameter. The resulting TiO2 beads, formed by 
combining the still wet composite with a polymer matrix, demonstrated improved mechanical strength 
and outstanding performance when used for the degradation of “water contaminants” in a fluidized bed 
reactor. 
In this study, the concept of photocatalytic watersplitting in a UV-irradiated fluidized bed reactor is 
explored for the first time. Fluidizable TiO2 photocatalyst particles that have been decorated with 
platinum nanodeposits are employed, as well as a special designed fluidized bed reactor containing a UV 
lamp. The results of this study should help to further the development of the fluidized photocatalytic 
watersplitting reactor approach. 
2.0  Experimental set-up 
2.1. Reactor and System Design 
The experimental set-up employed an annular fluidized bed, where the inner annulus is comprised of a 
quartz glass tube, containing a low-pressure mercury vapour ultraviolet (UV) lamp (Emperor Aquatics, 
50W, 254 nm), and an annular photocatalytic reaction zone formed between the quartz glass tube and the 
outer polycarbonate wall of the fluidized bed. It has been discussed by Pozzo et al.[18] that an annular 
fluidized bed design (Figure 1 below) (as opposed to externally situated lamps) will yield the most 
efficient use of the ultraviolet radiation. The photocatalytic reaction zone has an inner radius of 1.41 cm, 
an outer radius of 2.54 cm and an effective length of 32.76 cm, giving a total fluidized reactor volume of 
0.45 L. A Gems Sensors FT-110 electronic turbine flow sensor was used to measure the liquid flow rate. 
The reaction solution was circulated through the system by a PanWorld NH-100PX centrifugal pump. 
A separator unit, having a total volume of 402 cm3, was connected to the outlet stream from the 
fluidized bed reactor to provide a headspace for the dissolved hydrogen and oxygen gases to separate 
from the liquid stream. The separator unit contains a thermocouple, a pressure gauge and a gas sparge 
(fitted with a stainless steel frit) submerged into the liquid volume. The gas sparge was controlled by an 
electronic mass flow controller and was used to purge the liquid reactor solution with nitrogen gas before 
experimental runs to remove any dissolved oxygen that would skew results or effect performance. During 
experimental runs, the nitrogen sparge was used as a sweep to continuously carry gas samples to a gas 
chromatography system for analysis.  
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Figure 1: Schematic diagram of an annular fluidized bed photoreactor showing the A) quartz sleeve B) UV lamp C) reaction zone 
D) outer reactor wall and E) fluidizable photocatalyst particles 
 
This study employed an Agilent 7890A gas chromatograph (GC) fitted with two thermal conductivity 
detectors (TCD), each modified to specialize in either the detection of hydrogen or oxygen. This approach 
was taken to improve the measurement accuracy of the hydrogen and oxygen detection peaks and allow 
detection to lower limits. The use of a GC is of utmost importance as it is necessary to accurately 
determine the hydrogen evolution rate as well as confirm the composition of the product gas stream. A 
hydrogen/oxygen composition different from the stoichiometric amounts indicates the presence of 
unwanted processes in the system such as the formation of intermediate species, parasitic side reactions 
and system leaks. 
The temperature, flow rate and pressure data were recorded using a National Instruments USB-6212 
Data Acquisition (DAQ) card. The GC operation was controlled via the USB-6212 by using Transistor-
Transistor Logic (TTL) communication. The USB-6212 DAQ was connected to solenoid relay switchtails 
attached to both the UV lamp ballast and the centrifugal pump to allow control from the computer 
console. The system control structure and user interface were constructed using National Instruments 
LabView Version 9. 
2.2. Photocatalyst Preparation 
A TiO2 sol-gel was prepared by the acid hydrolysis of a titanium precursor. Denatured ethyl alcohol 
was used a solvent for the sol-gel reaction. Deionized water was added to the alcohol, followed by 
hydrochloric acid (Fisher, 37%) while the solution was stirred vigorously by a magnetic stirrer. Titanium 
tetraisopropoxide (TTIP) (Sigma Aldrich, 97%) was then added slowly to the solution while stirring 
vigorously; the solution was then stirred for 2 hours at 400 rpm. Precalcined Degussa P25 nanoparticles 
were then added to the sol-gel solution and the resulting composite mixture was stirred overnight 
(approximately 14 to 16 hours).  
A chitosan polymer solution was prepared by adding glacial acetic acid (Fisher, 99.7%) to deionized 
water, then adding chitosan (Sigma Aldrich, medium molecular weight) (1% w/w) while the solution was 
stirred vigorously. The solution was stirred until all the chitosan had dissolved (approximately 24 hours). 
The chitosan solution was placed into a clean beaker and stirred. The TiO2 composite was then added 
slowly at a ratio of 1 part to 2 parts chitosan solution and the mixture was then stirred for 2 hours. 
The resulting mixture was then added dropwise from a modified burette into a basic NH4OH (Fisher, 
30%) solution of composition 6:94% v/v NH4OH/H2O. On contact with the basic solution, the droplets 
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instantly hardened into spherical particles due to the fast-gelation of the chitosan polymer. Before drying, 
the particles had an average diameter of 2.2 mm. The resulting particles were then dried for several days 
at room temperature, and then calcined at 500oC for three hours in air. This calcination step also serves to 
burn off the chitosan polymer used in the forming process. After drying and calcination, the photocatalyst 
particles were spherical with an average diameter of 1.1 mm, with pure TiO2 throughout the entire 
particle, and were bright white and matte in appearance. Following calcination, the photocatalyst particles 
were physically conditioned for 48 hours in a lapidary tumbler (Lortone Model 3A). This step serves to 
ablate fine, easy to remove surface features from the photocatalyst particles so as to minimize platinum 
loss due to attrition in the fluidized bed reactor. After physical conditioning, the particles were heated 
again to 500oC for one hour in air to remove contaminants introduced by the rubber drum of the lapidary 
tumbler. Following physical conditioning, the photocatalyst particles become glossy in appearance due to 
a reduction in surface roughness. 
2.3.  Platinum deposition 
Platinum was deposited into the outer, photo-active region of the photocatalyst particles by a 
photodeposition method. The calcined and physically conditioned photocatalyst particles were placed into 
the UV-irradiated fluidized bed reactor with 1 L of water and a measured amount of chloroplatinic acid 
hexahydrate (CPA) (Sigma). CPA was added to the solution in the amount of 0.0107 grams per gram of 
photocatalyst particles. The reactor was then sealed and the solution was circulated through the system at 
a low flow rate (avoiding fluidization of the particles). The reactor was purged with nitrogen until oxygen 
was present only in trace amounts. The solution circulation rate was then increased until the photocatalyst 
particles fluidized to an expanded bed height of 21.5 cm. The UV lamp was then turned on for a 3 hour 
period, during which time the photocatalyst particles darkened to a tan/grey colour. The photocatalyst 
particles were then removed from the reactor, washed thoroughly with deionized water, and dried at 
100oC overnight. The dried platinum-loaded particles were then placed into a tube furnace under a 
hydrogen atmosphere (10% H2 in Ar, 50 cc/min) for 2 hours at 450oC. This additional calcination step in 
a reducing atmosphere served to ensure that all the platinum was completely reduced to Pt0. 
2.4. Suspended Slurry Baseline Measurement 
To provide a baseline performance comparison, a suspended slurry photocatalyst was employed in the 
reactor system following a procedure similar to that outlined by Arakawa and Sayama [10,11]. Degussa 
P25 nanoparticles were suspended in a 2.2M Na2CO3 solution at a concentration of 1 g/L (as per 
Karakitsou and Verykios [1,2] and Gratzel and Kiwi [4]) . Chloroplatinic acid (0.7 wt% Pt to TiO2) was 
added to 1L of the solution, which was then sealed in the reactor. The reactor was purged with nitrogen at 
100 cc/min overnight until oxygen was at amounts less than 2.5 ppm. The solution was circulated at 5.5 
L/min, the nitrogen purge was reduced to 50 cc/min and the UV lamp was turned on. The reaction was 
then allowed to proceed for up to 200 hours. Gas samples were analyzed at approximately 12 hour 
intervals. 
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2.5. Experimental Procedure 
 The finished, platinum-deposited fluidizable photocatalyst particles were added to the UV 
fluidized bed in amounts of 60, 80, 100 and 120 grams (freshly made batches of photocatalyst particles 
were used for each experiment). The reactor system was then filled with 1 liter of 2.2M Na2CO3 in water 
(pre-heated to 35oC) and sealed. The solution was circulated throughout the reactor system at low flow 
rates, taking care to avoid fluidization, while purging with nitrogen at 100 cc/min for several hours (until 
oxygen was detectable to amounts less than 2.5 ppm). The nitrogen flow rate was then decreased to 50 
cc/min and the solution circulation flow rate was increased until the bed reached an expanded bed height 
of 21.5 cm. The UV lamp was then turned on and the photocatalytic reaction was allowed to proceed for 
24 hours. The GC system was remotely triggered by the USB-6212 DAQ to analyze the composition of 
product gas stream from the system at 8 minute intervals. The product gas stream was allowed to vent and 
was not collected. The system was maintained at a constant temperature of 35oC throughout all 
experiments. 
 
3.0 Results and Discussion 
3.1. Photocatalyst Characterization 
The finished fluidizable photocatalyst particles (seen in Figure 2 below) were found to be 1.1 mm in 
diameter and pure TiO2 in structure. The bulk density was determined to be 3125 kg/m3. Using XRD 
analysis it was determined that the photocatalyst particles were 84% anatase TiO2 and 16% rutile TiO2 in 
composition, with crystallite sizes of 19 nm and 75 nm, respectively. BET analysis revealed that the 
finished particles had a surface area of 35 m2/g. 
Figure 2: SEM image of a self-supported photocatalyst particle 
3.2. Suspended Slurry Baseline 
It was observed that the suspended TiO2 slurry baseline photocatalyst evolved hydrogen and oxygen at 
the expected stoichiometric ratio (H2/O2 = 2); however, the system required over 200 hours of operation 
before it began to approach steady state operation. Arakawa and Sayama [10] observed a similar behavior 
in their system where over 90 hours of operation were required before a pseudo-steady state was achieved 
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and nearly 200 hours of operation were required until steady state was observed. In our system, it was 
observed that after 24 hours of operation the rate of hydrogen evolution was 59.9 ȝmol/hr, and 226.5 
ȝmol/hr of hydrogen after 212 hours of operation. After 240 hours of operation the rate of hydrogen 
evolution was 255.6 ȝmol/hr. 
3.3. Fluidized Photocatalytic Watersplitting 
Table 1 below shows the H2 and O2 evolution performance for varying amounts of the fluidizable Pt-
TiO2 photocatalyst employed in the fluidized bed reactor. In all experiments, the system attained steady 
state performance within a relatively short period of time (when compared to the behavior of the 
suspended slurry), reaching steady state in 5 to 15 hours. Near stoichiometric H2 and O2 evolution was 
observed in all experiments during steady state operation. 
It was observed that there was a small maximum in the gas evolution performance when using 80 
grams of photocatalyst particles, with the photocatalytic performance rapidly decreasing as the 
photocatalyst loading was increased to 120 grams. It is suspected that the H2 and O2 evolution rates 
decrease slightly when using 60 grams of photocatalyst particles dues to a decreasing bed density (thus 
photon capture is reduced). The performance decrease observed when increasing the photocatalyst 
loading beyond 80 grams is suspected to be due to the increase in bed density and the subsequent 
reduction in radiation distribution throughout the bed volume. At higher bed densities, more photocatalyst 
particles remain in shaded regions of the reactor volume and serve only to catalyze the parasitic back 
reaction, thus reducing performance. 
 
Table 1: The absolute rates of H2 and O2 gas evolution for several mass loadings of photocatalyst 
 
Average Rate (ȝmol/hr) Photocatalyst Mass (g) Circulation Flow 
Rate (L/min) 
 
Maximum H2 Rate (ȝmol /hr) 
H2 O2 H2/O2 
60 7.65 202 189 103 1.8 
80 6.97 215 198 110 1.8 
100 6.32 199 188 101 1.9 
120 5.74 128 117 56 2.1 
 
As the suspended slurry experiment employed the entire reactor volume and the full length of the UV 
lamp, whereas the fluidized experiments employed only 2/3rd of the total reactor volume and lamp length, 
the hydrogen evolution rates were normalized based on the volume of the reactor employed (Table 2 
below). It was assumed the lamp irradiance was approximately consistent along the length of the lamp. It 
can be seen that for photocatalyst loadings up to 100 grams, the fluidized photocatalyst exhibited a higher 
rate of hydrogen production per reactor volume than the suspended slurry photocatalyst. The highest rate 
of hydrogen evolution, observed at a photocatalyst loading of 80 grams, demonstrated a 26% increase in 
performance over the suspended slurry photocatalyst. 
520   Kevin Reilly et al. /  Energy Procedia  29 ( 2012 )  513 – 521 
 
Table 2: Maximum H2 evolution rate per reactor volume 
 






Suspended Slurry (1 g/L) 568 
4.0 Conclusion 
A novel approach to photocatalytic watersplitting using a UV-irradiated fluidized bed reactor and a 
fluidizable, self-supported photocatalyst was first described here. Steady-state hydrogen evolution was 
successfully achieved at the expected stoichiometric ratio. It was observed that, when using fluidized 
particles with a 1.1 mm diameter, there was a maximum hydrogen evolution rate at a photocatalyst 
loading of 80 grams; the hydrogen evolution performance decreased rapidly beyond this loading amount. 
Compared to a suspended slurry TiO2 photocatalyst, on a per reactor volume basis, the fluidized bed 
approach yielded a marked increase in the hydrogen evolution performance. 
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